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I. 
INTRODUCTION. 
It has generally been held in the colloidal literature that different 
anions  of  the same valency have  different effects on  such  colloidal 
properties of proteins as swelling, viscosity, or osmotic pressure, and 
that the anions could be arranged in definite series according to their 
influence on these properties.  Such series are known under the name 
of the Hofmeister series.  A  number of authors have published such 
series,  but  the  series  of  no  two  authors  agree.  Pauli  ~ gives  the 
following  series  for  the  influence of  acids on the viscosity of blood 
albumin, 
HCI > monochloroacetic > oxalic > dichloroacefic > citric > acetic > su]furic 
>  trichloroacefic acid 
where HC1 increased the viscosity most and trichloroacetic least. 
Loeb has  shown in  a  series of investigations  that  the Hofmeister 
series,  as  far  as  they refer  to  colloidal  behavior  of  proteins,  are 
generally the result of a methodical error; namely, the failure of the 
authors to measure the hydrogen ion concentration  of  their  protein 
solutions or protein gels, and the failure to compare the effect of acids 
on the properties of proteins at the same hydrogen ion concentration 
of the protein solution or protein gel3  When this error is avoided, it 
a Pauli, W., Kolloidchemie der EiweisskSrper, Dresden and Leipsic, 1920, 60. 
2 Loeb, J., J. Gen. Physiol., 1920-21, iii, 85, 247, 391. 
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is found that only the valency but  not  the  nature of the anion of an 
acid  has  any  direct  influence  on  the  above mentioned properties  of 
the  proteins,  and that the Hofmeister ion series have in that  case no 
real existence. 
The  substitution  of the valency rule  for the erroneous Hofmeister 
series gave the clue for the cause of the peculiar influence of electro- 
lytes on these colloidal properties.  There is one condition under which 
only the valency but not the  chemical  differences  of  anions  can  in- 
fluence the physical properties  of protein  solutions  or  protein  gels; 
namely, where membrane equilibria determine these properties. 
Donnan  ~ had  shown  that  when  a  solution  of  two  electrolytes  is 
separated from water by a membrane permeable to all but one type of 
ions,  an  equilibrium  condition  results  at  which  the  molar  concen- 
tration  of the diffusible crystalloidal ions is not the same on opposite 
sides of the membrane.  Suppose that  there is inside a  collodion bag 
a solution of gelatin chloride of a certain pH, then this solution contains 
in  addition  to H  and  C1 ions  of the free HC1 present  in  the  gelatin 
chloride solution, positive gelatin ions and the C1 ions combined with 
the  gelatin  ions.  (There  is  also  non-ionogenic  (isoelectric)  gelatin, 
in  a  certain  range  of  pH  but  this  has  no  influence  on  the  result.) 
Only the H  and C1 ions can diffuse through the membrane,  while the 
latter is impermeable to the gelatin ions.  In such a case, according to 
Donnan, H  and C1 ions should diffuse into the outside solution in such 
a  way that at equilibrium  the product of the molar concentrations  of 
the pair of oppositely charged diffusible ions  (in this c~se H  and  C1) 
is  the  same  on  the  opposite  sides  of  the  membrane.  Inside  the 
gelatin  solution there exists the C1 in combination with the H  of the 
free acid and with the gelatin.  If the molar concentration of these CI 
ions of the free acid inside the solution is y,  the concentration  of the 
H  ions is also y.  In addition there are the C1 ions in combination with 
the  protein.  Let  z  be  the  molar  concentration  of  these  C1  ions. 
Hence the total concentration of C1 ions inside the protein solution is 
y  +  z, while the concentration of H  ions is y.  The product of the two 
concentrations is y  (y +  7.). 
In  the  outside  aqueous  solution  there  is  only  free  HC1,  since  no 
gelatin ions can di/Tuse  through  the membrane.  Let x  be the molar 
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concentration of the free H  ions outside, then the molar concentration 
of the  C1 ions is also x  and  the product of their concentrations is x 2. 
According  to  Donnan,  equilibrium  is established when 
x~ -- y (y +  z)  (1) 
It follows from this equation that the sum of the diffusible ions must 
be greater inside  the solution than  outside,  but must vary with the 
hydrogen ion concentration,  and this variation causes the influence of 
electrolytes  on  the  physical  properties  of  proteins.  Procter  and 
Wilson  ~ have shown that the influence of HC1 on the swelling of gelatin 
can be explained  quantitatively  from Donnan's  equation,  and Loeb  5 
has shown that the same is true for the influence of acids on osmotic 
pressure,  viscosity,  and  membrane  potentials  of  protein  solutions. 
Donnan's equation (1) is a quadratic equation when the anion of the 
acid is monovalent; Loeb  6 has shown that  the equation becomes one 
of the third degree when instead of HC1 a  strong dibasic acid such as 
H~S04 is added.  Let x again be the molar concentration of hydrogen 
ions in the outside solution and y the molar concentration of the hydro- 
x 
gen ions inside the protein solution;  then ~ is the concentration of the 
SO, ions in  the  outside solution and y the molar concentration of SO, 
ions  of  the  free  H,  SO,  in  the  inside  (gelatin)  solution.  The molar 
concentration  of  SO,  ions  in  combination  with  gelatin  becomes _z. 
2 
Then the equilibrium equation must be as foUows: 
or 
x3  =  y2(y +  z)  (2) 
If the two equations for membrane equilibria,  (1) or (2), are the theo- 
retical  basis  for  the  influence  of  acids  on  the  colloidal  behavior  of 
proteins, it is clear that the valency of the anion of an acid must have 
4 Procter, H. R., and Wilson, J. A., J. Chem. Soc., 1916, cix, 307. 
5 Loeb, J., J. Gen. Physiol., 1920-21, iii, 667, 691,827; 1921-22, iv, 73, 97. 
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a great influence, since it changes the degree of the equilibrium equa- 
tion; while different ions of the same valency should all have the same 
influence, since the equation is the same for all anions of the same val- 
ency.  Exceptions to this conclusion should be found only when the 
anions cause some secondary chemical or physical change in the con- 
stitution  of  the  protein.  In  other  words,  if  Donnan's  theory  of 
membrane equilibria is the true explanation of the influence of acids on 
the colloidal properties of proteins, it follows that only differences in the 
valency of the anion of the acid and no other differences in the nature 
of the anion of acids should, as a rule, influence those four properties 
of proteins which seem to  depend on membrane equilibria,  namely 
membrane potentials,  osmotic pressure, swelling, and viscosity, and 
which constitute the typically colloidal behavior of proteins. 
In  former experiments Loeb  had  shown  that  this  was  the  case. 
Since, however, the theory  of  colloidal behavior is thus intrinsically 
linked with the valency rule, it  seemed of importance to make the 
proof as complete as possible, and this paper intends to offer additional 
evidence for the valency rule and the non-validity of the Hofmeister 
series for the colloidal behavior of proteins. 
II. 
The Necessity of Measuring the ptt of the Protein Solution. 
If the Donnan equation explains the colloidal behavior of proteins, 
it is necessary to compare the influence of acids not only for the same 
concentration of originally isoelectric protein but  also  for the same 
pH.  The titration curves of isoelectric protein with acid show that 
when  acid  is  added  to  isoelectric protein,  protein  salts  are formed 
which are strongly hydrolyzedJ  Hence, there exists in a  solution of 
a  protein salt  an  equilibrium between free dissociated acid, protein 
salt,  and  non-ionogenic  protein.  The  relative  amount  of  protein 
salt (or ionized protein)  varies with  the pH.  At  the same pH  the 
same proportion of protein is in an ionized condition.  The Donnan 
effect depends on the ionized portion of the protein and the valency 
of  the  anion  of the  acid.  As  long  as  the  concentration of ionized 
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protein in a  solution or a  gel is the same, and if no salts are present, 
the  solution  will  have  the  same  osmotic  pressure,  viscosity,  etc., 
regardless of the nature  of the acid,  except the valency of its  anion 
(unless  the anion causes a  secondary chemical or physical  alteration 
of the protein). 
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Fie. 1. Titration curves of different acids with solutions containing 1 gln. dry 
weight of ori&~.nsliy isoelectric  gelatin in 100 cc.  The ordinates are the cc. of 
0.1 N acid in 100 cc. of gelatin solution; the absciss~ the pH of gelatin solutions. 
The  amount  of  acid  required  to  bring  a  1  per  cent  solution  of 
originally isoelectric protein, ¢% gelatin, to the same pH varies with 
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In Fig. 1 are given the titration curves of 1 gm. dry weight of originally 
isoelectric gelatin  in  100  cc.  aqueous  solution  for  0.1  N  I-IC1, HBr, 
HI, It2SO4, and sulfosalicylic acid, and also for the three weak mono- 
basic acids, lactic, propionic, and acetic.  As was to be expected, the 
titration  curves for HC1, HBr, and HI are practically identical  with 
those for the two strong dibasic acids, H2SO4 and sulfosalicylic; or in 
other words,  the two strong dibasic acids combine in equivalent pro- 
portions  with  the  protein.  In  the  case  of  weak  monobasic  acids, 
higher  concentrations  of acid have  to be added  to bring  the protein 
solution  to  the  same pH.  While 5  cc. 0.1  N  of all  the  strong  acids 
must be contained in  100 cc. solution of originally  1 gm.  dry weight 
isoelectric gelatin to bring the pH to 3.6, 10 cc. of 0.1 N lactic acid are 
required for this purpose, and 65 cc. of 0.1 ar acetic or proplonic acid. 
Yet the concentration  of ionized gelatin  is the same in all acid solu- 
tions at the same pH, regardless of the nature of the acid. 
The pH indicates  the molar  concentration  of the free ionized acid 
which  does not  combine  with  the  gelatin.  By deducting  this  con- 
centration from the total concentration of the ionized acid added, it is 
possible to calculate the concentration of a strong acid combined with 
the  protein.  All  these facts  have  already been  discussed in  Loeb's 
previous papers  7 and book  8 and  are here  only repeated for  the con- 
venience of the reader. 
The/nfluence of A cids on the Membrane Potentials of Gelatin Solutions. 
i  gin.  dry weight  of originally  isoelectric gelatin  was dissolved in 
100  cc.  water  containing  various  amounts  of 0.1  z¢ acid.  Collodion 
bags of a volume of about 50 cc. were filled with such solutions.  The 
opening of the bag was closed with a  rubber stopper perforated by a 
glass tube serving as a  manometer.  The collodion bag was put into 
350 cc. of an aqueous solution of the same acid and the same pH as that 
inside the collodion bag, but the outside aqueous solution was free from 
protein.  The  temperature  was  24°C.  After  18  hours  or more,  i.e. 
after  osmotic  equilibrium  was  reached,  the  membrane  potential, 
s Loeb, J., Proteins and the theory of colloidal behavior, New York and London, 
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i.e.  the  P.D. between  the  protein  solution  and  the  outside  aqueous 
solution  free  from  protein,  was  measured  with  two  saturated  KC1 
calomel  electrodes.  The  E.M.F.  Of  the  following  cell  was  therefore 
measured in these experiments. 
Hg  ItgCl  KClselution  solution  membrane aqueous KClsolution  HgC1  Hg 
+  solution 
The E.~r.F.  thus measured with identical calomel electrodes we shall 
call the membrane potential.  In  Fig.  2  the membrane potentials of 
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Fzo.  2.  Proof that only the valency of the  anion of an acid  influences  the 
membrane potentials of gelatin solutions.  The ordinates are the membrane poten- 
rials in miUivolts; the absciss~ the pH of gelatin solutions.  The membrane poten- 
rials of the seven monobasic acids are practically identical and so are the membrane 
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the gelatin solution (i.e. the P.D. between gelatin solution and outside 
aqueous solution across the collodion membrane) are plotted as ordi- 
nates over the pH of the gelatin solution at equilibrium.  (It should 
be stated that the pH at equilibrium is, as a  rule, different from the 
pH at the beginning.) 
The curves for the membrane potentials in Fig.  2  are as dear an 
expression of the valency rule and as  clear  a  contradiction  of  the 
Hofmeister series as  one could expect.  It is  true that  nobody had 
claimed the validity of the Hofmeister series for the membrane poten- 
tials  of  protein  solutions,  the  reason  being that Loeb was  the first 
to measure these potentials for protein solutions, and his experiments 
showed that the valency rule held.  This is confirmed by the results in 
Fig. 2, since the curves for the membrane potentials of protein solu- 
tions are identical in the presence of all monobasic acids used; these 
acids were in this case HC1,  HBr, HI, HNO3,  acetic, propionic, and 
lactic acid. 
The two strong dibasic acids used in these experiments were H2SO4 
and sulfosalicylic acid.  The curves for the membrane potentials  of 
these two strong dibasic acids are also identical, but entirely different 
from the P.D. curves for the monobasic acids.  In other words, the in- 
fluence of the acids on the membrane potengals  of protein solutions is ex- 
clusively  a function  of the valency  but independent  of the nature  of the 
anion of the acid. 
IV. 
Proof That the Valency  Effect of the Membrane  Potential  Is Determined 
by Donnan's Equation. 
Donnan's  equilibrium,  equation  (1),  for  monobasic  acids  can  be 
written in the form 
_x.  (y + 5)  (1) 
y  z 
Donnan has shown  that  there must  exist between the inside and 
outside solution a  P.D. as follows: 
RT,  ± 
P.D.  =  -f  ~og 
where x  is  the molar concentration of hydrogen ions outside,  and y 
the molar concentration of hydrogen ions inside.  Since pH  outside JACQUES LOEB AND M. KUNITZ  673 
is -log x and pH inside -log y, the membrane potential measured with 
the  indifferent  calomel  electrodes  should  be  equal  to  the  hydrogen 
electrode  potential  between  the  gelatin  solution  and  the  outside 
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FIG. 3.  Proof that the influence of acids on the hydrogen electrode potentials 
of gelatin solutions is identical with that on the membrane potentials  as  shown 
in rig. 2. 
aqueous solution, if the membrane equilibria are the cause of the mem- 
brane potentials.  This was found to be true within the limits of the 
accuracy of the measurements  (about 2 millivolts). 
In Fig.  3  are given the hydrogen electrode potentials  of the same 
acids  as  in  Fig.  2.  The  curves  for  the  hydrogen  electrode  P.D. in 674  COLLOIDAL BEHAVIOR  OF PROTEINS. I 
x  =  v/y(y+z). 
get 
Fig. 3  and the curves for the membrane I'.D. in Fig. 2  are identical. 
The hydrogen electrode P.D. for all the monobasic acids are the same 
within the limits of accuracy of measurements and the P.o. for the two 
strong dibasic acids are also the same in both Figs. 2 and 3. 
Loeb  6 had shown  furthermore  that  if  Donnan's  membrane equi- 
librium is responsible for the effect of acids on the membrane potentials 
of protein solutions, the effects of monobasic acids should be exactly 
50 per cent higher than those for dibasic acids at the same pH on the 
basis of the following consideration. 
From equation  (1)  it follows that in the  case of monobasic acids 
Substituting this value for x  in the term x  -  we 
Y 
"~Y(Y+Z) = ~_Y ~y z=  ~  l + Z 
Y  Y 
Hence, the membrane potential of a protein solution should be at 24  ° 
for monobasic acids 
" 
P.O. =  ~-log  1 +  millivolts 
From equation (2) it follows that in the case of dibasic acids 
__ ~/y2 (y +  z) 
X 
Substituting this value in -  we get 
Y 
x_.=~/Ya(Y-t  -z)  ~Y2(Y+Z)  ~y+z  ~1+ z 
y  y  y8  y  y 
The P.O. is therefore in the case of a dibasic acid 
P.D. =  ~  log (1 -t- y) millivolts 
Hence, at the same pH the P.D. of gelatin sulfate must be to that of 
gelatin chloride as 2: 3, or 0.66. 
A  comparison  of  the  effects  of  sulfosalicylic acid  with  those  for 
HC1 and the other monobasic acids at the same pH in Fig. 2  shows 
that this is correct within the limits of experimental accuracy, except ~'ACQIYES LOEB  AND  M.  KUNITZ  675 
near the isoelectric point, where the values for the monobasic acids are 
a  trifle too high  (see Table I). 
TABLE  I. 
Membrane Potentials for Dibasic and Monobasic  Acids. 
pH 
2.4 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
Dibasic acids. 
millivo  Its 
7.6 
9.6 
11.6 
13.6 
15.8 
18.0 
19.8 
21.2 
21.6 
20.8 
19.2 
Monobasic acids. 
milliwlts 
11.4 
14.8 
18.0 
21.6 
24.8 
28.0 
31.0 
34.2 
35.5 
34.8 
31.0 
dibasic  Ratio ---  monobasic 
0.67 
0.65 
0.64 
0.65 
0.64 
0.62 
0.64 
0.62 
0.61 
0.60 
0.62 
These values are as striking a  confirmation of the derivation of the 
valency  rule  from  the  theory  of  membrane  equilibria  as  could  be 
desired.  The values for sulfosalicylic acid were used in preference to 
the  values  for  sulfuric  acid  for  the  reason  that  a  repetition  of  the 
experiment with sulfuric acid showed that the values for sulfosalicylic 
and  sulfuric  acids  are  in  reality  identical,  and  that  the  values  for 
sulfuric acid given in Fig. 2 are a little too low. 
TABLE  II. 
Hydrogen Electrode Potentials for Dibasic and Monobasic  Acids. 
Ratio  dibasic  pH  Dibasic adds.  Monobasic  acids.  ~. 
2.6 
2.8 
3.0 
3.2 
3.4 
3.6 
3.8 
4.0 
4.2 
4.4 
millino~ 
9.9 
11.4 
14.0 
16.6 
19.2 
21.0 
22.0 
22.6 
21.4 
milllvolts 
15.4 
18.6 
22.0 
25.6 
29.4 
33.0 
36.0 
37.5 uncertain. 
Uncertain. 
36.0 
0.64 
0.61 
0.64 
0.65 
0.66 
0.64 
0.61 
0.60 
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Table  II  shows  that  the  2:3  ratio  holds  also  for  the  hydrogen 
electrode P.D. values expressed in Fig. 3. 
Disregarding the values for the monobasic acids at pH 3.8 to 4.2, 
where the values for the monobasic acids are a little too high and not 
quite certain, .the ratio of P.D. for the effect of dibasic acid to that of 
monobasic acid is as nearly 2:3 as the accuracy of the measurements 
permits.  There can therefore, be no doubt that the membrane poten- 
rials are determined by the Donnan equilibrium, and, if this be true, 
the valency rule must hold and there can be no room for any Hof- 
meister anion series in this case. 
The  action  of weak  dibasic  and  tribasic  acids  has  already been 
referred to and it only remains to make the statement more complete. 
Most weak dibasic and tribasic acids dissociate  as  monobasic  acids 
below a  certain pH.  I-IsPO4  dissociates as monobasic acid below pH 
4.7 and it had been shown that in this range of pH the influence of 
HsPO, on membrane potentials (as well as osmotic pressure, swelling, 
and viscosity) is identical with that of HC1 or any other monobasic 
acid if  compared for the  same pH  of  the protein  solution  or  gel.* 
Oxalic acid dissociates as a  monobasic acid below pH 3.0 and it had 
been shown that for pH of 3.0 or less the influence of the oxalic acid 
on the properties mentioned is like that of HC1.  Above pH 3.0  the 
second H  ion of the oxalic acid begins to dissociate and the relative 
number of dibasic anion increases with a  further increase of pH and 
hence the depressing effect of the dibasic anion is felt more and more 
the higher the pH.S 
Mter these remarks, the effect of succinic, citric, and tartaric acids 
on the membrane potentials as plotted in Fig. 4 is easily understood. 
All three acids act like HC1 below pH 3.0, i.e. the curve representing 
the influence of these three acids on the membrane potential coincides 
with that for HC1, but not with that for H2SO,,  which means that all 
these acids dissociate for pH  <  3.0 as monobasic acids, and further- 
more, it is clear that these weak dibasic acids behave as the valency rule 
demands. 
Above pH 3.0 the curves for succinic, citric, and tartaric acids are 
lower than the curve for HC1 but considerably higher than that for 
H~SO4, which means that at a pH  >  3.0 the second H  ion begins to 
be split off, and the more the stronger the acid.  Thus in the case of JACQUES  LOEB AND  M. XUZ~ZTZ  677 
the weak  succinic acid only a very small percentage  of molecules 
dissociates as dibasic acid and the same may be said for citric acid, 
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FzG. 4. Influence'of  weak dibasic and tribasic acids on the membrane potentials 
of gelatin solutions. 
while a  greater percentage  of  tartaric  acid molecules dissociates as 
dibasic acid between pH 3.0 anct 4.7.  These experiments might almost 
be used as a criterion for the mode of dissociation of weak dibasic and 
tribaslc acids. 
Fig. 5 gives the influence of the same acids on the hydrogen elec- 
trode potentials.  It is obvious that the membrane potentials observed 678  COLLOIDAL  BEHAVIOR  OF PROTEINS.  I 
with the indifferent calomel electrodes are within the limits of accuracy 
of  measurements  and  calculations  identical  with  the  hydrogen  elec- 
trode potentials,  thus confirming again Donnan's theory of membrane 
potentials. 
O 
40 
38 
36 
34 
32 
30 
28 
26 
24 
22 
20 
I8 
t6 
t4 
t2 
tO 
8 
6 
4 
2 
0 
pPI  t.6  L8  20  Z.Z  2.4  2.6  2.6  3.0  32  3.4  3.6  3.6  4.0  42  4.4  4.6  4B  50 
FIG. 5.  Influence of weak dibasic and tribasic acids on the hydrogen electrode 
potentials of gelatin solutions.  Notice identity of curves in Figs. 4 and 5. 
All  these  experiments  leave  no  doubt  of  the  experimental  and 
theoretical  correctness  of  the  valency  rule  for  membrane  potentials 
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V, 
The Valency Effect in the Influence  of Acids on the Osmotic Pressure of 
Protein  Solutions. 
The  same  experiments  which  were  used  for  the  measurement  of 
membrane potentials were also used for measuring  the osmotic pres- 
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Fie. 6.  Proof of valency rule for the influence of acids on the osmotic pressure 
of gelatin  solutions.  The  influence of  seven monobasic acids on  the  osmotic 
pressure of gelatin solutions is the same and about twice as high as that of the two 
dibasic acids. 
sure  of  gelatin  solutions  containing  1  gm.  dry  weight  of  originally 
isoelectHc gelatin in 100 cc. of water made up with various acids.  The 
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results  are  contained  in  Fig.  6.  The  ordinates  are  the  observed 
osmotic pressures  in  terms  of ram.  of  a  column of water,  and  the 
abscissae  are  the  pH  of  the  gelatin  solution  at  equilibrium.  The 
result  is  so  striking  that  it  leaves  no  doubt  that  the  valency 
rule is  correct.  All the monobasic acids influence the osmotic pres- 
sure in  exactly the  same way;  and  the  values  for HCI,  HBr,  HI, 
HNOs, acetic, propionic, or lactic acids lie practically all on one curve. 
The osmotic pressure curves for the two strong dibasic acids, H~SO4 
and  sulfosalicylic acid,  also  fall  on  one  curve,  which  is,  however, 
entirely different, being about half as high as the curve for the mono- 
basic acids for the same pH. 
It had been shown in preceding papers and in a book  8 that tke curve 
representing the influence of I-I,  PO4 on the osmotic pressure of a gelatin 
solution is identical with the curve representing the influence of HC1, 
if both are plotted over the pH  of the gelatin solution as  abscissae; 
and that the curve for oxalic acid is also identical with the curve for 
HC1  and  H,  PO,  for  pH  3.0  or  below,  while for  pH  above  3.0  the 
influence of the bivalent oxalate anion becomes noticeable in the fact 
that the osmotic pressure for oxalic acid is in that range of pH lower 
than for HC1. 
Fig. 7 represents the influence of succinic, citric, and tartaric acids 
on the osmotic pressure of a  solution containing 1 gin. dry weight of 
originally isoelectric gelatin in 100 cc. solution.  As was to be expected, 
the descending branches of the curves for these acids are identical with 
the corresponding part of the curve for HC1  for pH below 3.0,  while 
above pH 3.0  the curves for the three weak dibasic or tribasic acids 
are slightly lower in the order of their relative strength as discussed 
in connection with the membrane potentials. 
It would be possible to use the influence of dibasic or tribasic acids 
on the osmotic pressure of protein solutions to determine their relative 
strength. 
Since it had already been shown previously that the effect of acids on 
the osmotic pressure of protein solutions is due to the excess of the 
molar concentration of diffusible ions inside the protein solution over 
that in the outside solution caused by the Donnan equilibrium, it is 
mathematically necessary that  there should be only an effect of the 
valency of the anion of the acid on the osmotic pressure but no effect .]'ACQUES  LOEB  AND  ~I. KUNITZ  681 
of  the nature  of  the anion  except  the  valency.  Figs.  6  and  7,  in 
addition  to  the  data  already  published,  prove  beyond  doubt  the 
correctness of this statement. 
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VL 
Swdling. 
Procter  and  Wilson  4 have  shown  that  the  influence  of  HC1  on 
swelling of  gelatin is  a  purely osmotic effect.  The acid combining 
with  the gelatin causes  salt  formation,  the gelatin ions being pre- 682  COLLOIDAL  BEHAVIOR  OF PROTEINS.  I 
vented from diffusing by the cohesive forces between the gelatin ions 
or molecules of the gel.  Since the gel is  freely permeable to water 
and  crystalloidal  ions,  such  as  H  and  C1,  the  non-diffusibility of 
the gelatin ions  causes  the  establishment  of a  Donnan  equilibrium 
between gelatin and outside solution,  as a  result of which the total 
molar concentration of all  the diffusible crystalloidal ions is greater 
inside than outside the gel.  This causes the influence of the acid on 
the swelling of gelatin and this influence is the same as that on osmotic 
pressure for the reason that influence of acid on swelling is also an 
osmotic pressure effect.  The difference between the effect of acid on 
the  osmotic  pressure  of  gelatin  solutions  and  on  the  swelling  of 
gelatin gels is simply this, that in the former case the diffusion of the 
gelatin ions is blocked by the collodion membrane and in the latter 
case by the cohesive forces between the gelatin molecules or gelatin 
ions of the gel. 
These  cohesive forces are  also  the limiting force  to  the  swelling 
of  a  gel.  Isoelectric gelatin  absorbs  a  certain  quantity  of  water, 
due to forces which have nothing to do with the Donnan equilibrium, 
since at  the  isoelectric point  protein  is  only slightly  ionized.  The 
absorption  of  water  by  isoelectric gelatin  is  determined  by  forces 
of  attraction  between  certain  groups  of  the  gelatin  molecule  and 
water,  and  is  primarily  though,  perhaps~  not  exclusively a  case  of 
solid  solution.  The  additional  swelling  caused  by  the  addition  of 
acid  is,  however,  as  Procter  and  Wilson  have  shown,  an  osmotic 
phenomenon due to the excess in the concentration of H  and C1 ions 
inside over that outside.  This causes the diffusion of water into the 
gel.  The hydrostatic pressure of the water will force the  molecules 
of the gel apart and this will cause an increase in the forces of cohesion 
which will oppose the further swelling.  To give an idea of the dif- 
ference between the swelling of isoelectric gelatin and that due to the 
influence of acid, it may be stated  that while  1 gin.  dry weight of 
powdered isoelectric gelatin absorbed about 7 gin. of water, the same 
gelatin when under the influence of an  acid with monobasic anion 
absorbed about 35 gin. of water at pH 3.2  or 3.0 where the swelling 
is a maximum.  The forces of cohesion between the molecules or ions 
of the gel may be modified by the solute, e.g.  the anion of the acid, 
and when this happens,  the pure osmotic pressure effect, due to the JACQUES  LOEB  AND  ~.  KIINITZ  683 
Donnan equilibrium, may not be observed.  This was noticed in the 
effect of acids on the swelling of casein, where it was found that swelling 
occurs  in  HC1  or  HNO3  but  not  in  trichloroacetic  acid.  These 
secondary effects of  the  anion  of  the  acid  or  of  the  undissociated 
acid on the cohesion of the gel are slight and negligible in the case of a 
gel of gelatin, and for this reason the validity of the valency rule can 
easily  be  demonstrated  for the influence of  acids on the swelling of 
gelatin. 
The most accurate method for determining the degree of  swelling 
of gelatin is by weighing the gelatin at the beginning and end of the 
experiment.  The  earlier  experimenters used large blocks  of  gelatin 
for the weighing experiment, but in  that  case it requires days before 
the maximum of swelling is reached and in the meantime some of the 
gelatin  may have  been  dissolved.  The  solution  effect of  different 
acids on gelatin is probably not the same and in  solubility the nature 
of the anion may play a  considerable r61e.  It is  therefore obvious 
that experiments on the swelling of blocks of gelatin cannot well be 
used  for  theoretical  conclusions.  We  used  powdered  particles  of 
gelatin of a definite size of grain; namely, particles which went through 
1  a  sieve with mesh of ~ but not through mesh ~  of an inch.  It was 
found  that  such  particles  reach  the  maximal  swelling in  2  hours. 
By making the experiment at 15°C. the loss by solution of the gelatin 
was less than 5 per cent.  After the acid had acted for 2 hours at 15°C. 
on the gelatin, the latter was put on a filter, the solution was allowed to 
drain off, and the weight of the gelatin was determined.  In this way 
better results could be obtained than with the older method of using a 
solid  block  or  by  estimating  the  swelling  from  the  volume  of  the 
powdered gelatin. 
A large quantity of powdered gelatin of the size of grain as stated 
was brought to the isoelectric point in  the way described by Loeb. 8 
8  gin.  of the wet isoelectric powdered material contained 1 gin. dry 
weight of isoelectric gelatin.  This mass of powdered isoelectric gelatin 
in  equilibrium  with  water  served  as  stock  material  and  was  kept 
moist  in  an  ice  chest  at  about  three  degrees  centigrade.  Equal 
portions of 8 gm. each of the stock gelatin, each containing about 1 gm. 
dry weight of isoelectric gelatin, were put into beakers and allowed to 
stand  for  about  18  hours  in  a  moist  chamber  of  15-16°C.  The 684  COLLOIDAL  BEtlAVIOR  OF PROTEINS.  I 
8  gm.  portions  of gelatin were  then  added  each  to  150  cc.  of H20 
containing various amounts of 0.1  N acids  of  15°C.  and  allowed to 
stand, with frequent stirring, for 2 hours at 15°C.  The gelatin was 
then removed from the outside solution by filtration through cotton- 
wool in weighed funnels.  The liquid was allowed to drain off com- 
pletely and the weight of gelatin was determined.  The gelatin was 
~fterwards melted at 50°C., cooled to 25  °, and its pH was measured 
electrometrically.  All  operations,  except  pH  measurements,  were 
done  in  a  constant  temperature  room  at  about  15°C.  A  control 
consisting of 9 cc. of 0.1 1~ HC1 per 150 cc. of H~O was used with each 
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FIG. 8. Proof  of valency rule for the influence of acids on the swelling  of gels 
of gelatin.  The influence of the  seven monobasic acids is  (aside from slight 
secondary effects of acids presumably on the cohesion of the gel) the same and 
considerably  higher than that of the two dibasic  acids. 
series.  The pll of the gelatin of the control was 3.19 and the weight 
of the  control varied  mainly between 34  and  36  ~n.,  the  extreme 
variations being 32.2  and 37.8  ~un. 
Fig. 8 gives the results with different acids.  The abscissa~ are the 
pH of the gel at the end of the experiment, while the ordinates are the 
weight of the gelatin at the end of the experiment.  A11 the values for 
the influence  of  the  six  monobasic  acids,  IICl,  HBr,  HI,  HN03, JACQUES LOEB AND  M.  KUNITZ  685 
propionic, and lactic acid on swelling lie on the same curve within the 
limits of the accuracy of the experiments, with a  maximal weight of 
about  36  gin.,  which is  inside  the  variations for  the  controls with 
HC1  referred to.  Only acetic acid  gives a  slightly higher maximal 
value of about 42  gin. at pH 3.2.  This had been observed by Loeb 
before.  The  abnormal  behavior  of  acetic  acid  does  not  occur  in 
either  membrane  potentials  or  osmotic  pressure,  where  the  effects 
are due to isolated gelatin ions.  The suspicion is therefore justified 
that the excessive effect of acetic acid on swelling is due to a diminution 
of the cohesion of the gel caused by the high concentration of acetic 
acid required to bring the pH to 3.2  or 3.0. 
been suggested by Loeb.  8 
This idea had already 
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On the other hand, the strong dibasic acids, H~SO4 and sulfosalicylic 
acid, also act alike but cause a maximal weight of only 18 gm., which 
is  about  one-half of  the  maximal  weight  of  the  gelatin under  the 
influence  of  HC1.  This  ratio  of  1:2  for  dibasic  and  monobasic 
acids  is  about  the  same  as  that  observed  for the valency effect of 
anions in the case of osmotic pressure.  The maximum lies at a  pH 
of about 3.0  to 3.2  of the gel. 686  COLLOIDAL  BEHAVIOR  OF PROTEINS.  I 
These experiments show that only the valency but not the chemical 
nature  of the anion  of the acid influences the swelling of gelatin. 
Fig. 9 shows the effect of weak dibasic and tribasic acids on swelling. 
From  what has  been said  concerning  the  electrolytic dissociation  of 
these acids it is obvious that their effect on swelling is also as clearly 
a  confirmation  of  the  valency rule  as  is  their  action  on  membrane 
potentials  and  on osmotic pressure. 
VII. 
Viscosity. 
Loeb has  shown that  in the case of colloids we must discriminate 
between two sources of viscosity;  ~ first, the ordinary viscosity of true 
solutions, and second, the viscosity of solutions containing in addition 
to  molecules  and  ions  solid  aggregates  capable  of  swelling.  Both 
forms of viscosity may be influenced by the  addition of electrolytes, 
but the mechanism of the influence is entirely different in the two cases. 
In the case of true solutions, the addition of electrolytes may influence 
the attraction  between the molecules of solute and  the molecules of 
water.  This may explain the observation of Reyher that the viscosity 
of the solution of salts of fatty acid is greater than the viscosity of the 
solution of fatty acids, since the former are more ionized.  This effect 
is of a low order of magnitude.  When, however, submicroscopic parti- 
cles  of solid jelly are present in a  solution of a  protein, e.g. gelatin or 
casein,  the addition  of acid  causes a swelling of the particles and this 
increase in the ratio  of relative  volume  of  solute  to  that  of  solvent 
causes an increase  of  a  much higher  order in  the viscosity than  the 
increase observed in true solutions.  Moreover, in this second form of 
viscosity due to swelling  we  are  dealing  with  a  phenomenon  which 
depends on the Donnan equilibrium.  Hence in this case the valency 
rule  should  apply,  while  in  the  influence  of  acids  on  the  viscosity 
of  solutions  containing no solid particles, the  chemical nature  of the 
anion of an acid might be  expected  to  be  of great influence.  Since 
a  solution  of  gelatin  contains  isolated molecules of  gelatin  as  well 
as suspended particles,  both forms of viscosity will be influenced  by 
acids.  But the influence of acid on the swelling of the submicroscopic 
particles of jelly causes a much greater increase of viscosity than the JACQLrES LOEB AND  M.  KUNITZ  687 
influence of acid on the isolated molecules so that we may neglect the 
latter effect. 
The method of procedure was  as  follows.  A  stock solution of 2 
per cent isoelectric gelatin was made up and kept in the ice chest at 
about 3°C.  A portion of the stock of the 2 per cent isoelectric gelatin 
was  liquefied by heating to  about  45°C.  and  then  kept  warm  (at 
about 35°C.) during each experiment in order  to avoid solidification. 
25  cc.  of  the  2  per  cent  isoelectric  gelatin  were  pipetted  into 
a  50  cc.  graduated  flask,  the  required  amount of  acid  added from 
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FIG. 10.  Proof of the valency rule for the viscosity of gelatin  solutions for 
seven monobasic and two dibasic acids. 
a  burette,  and  the  volume  was then made up to 50  cc.  with H20. 
The mixture was heated in a hot water bath to 45°C., rapidly cooled 
in ice water to 24°C.,  and  the  viscosity was  immediately measured 
at 24°C.  by means of an Ostwald viscometer. 
Fig. I0 gives the influence of the seven monobasic acids, HC1, HBr, 
HI, I-INO~, lactic, acetic, and propionic acids, and of two strong dibasic 688  COLLOIDAL  BEHAVIOR  OF  PROTEINS.  I 
acids, on the relative viscosity of gelatin solutions as described.  The 
validity of the valency rule is obvious.  The seven monobasic acids act 
almost  alike,  differing  entirely  from  the  action  of  the  two  strong 
dibasic acids, H~SO4 and sulfosalicylic.  The curves are similar to the 
curves of swelling in Fig. 8  and of osmotic pressure in Fig.  6.  This 
finds its explanation in the fact that this form of viscosity is due to the 
swelling of particles and that the influence of acids on swelling is an 
osmotic phenomenon, as demonstrated by Procter and Wilson. 
There are, however, some slight discrepancies between the curves 
for swelling (Fig. 8)  and for viscosity (Fig.  10).  Thus in Fig.  10 the 
influence of HI is less than that of HC1,  that of sulfosalicylic acid less 
than that of H2SO4.  These slight differences are probably due to a 
secondary influence of  the  acids  possibly  on  solubility.  Gelatin  is 
e.g.  more soluble in solutions of NaI than of NaC1.  In the viscosity 
experiments the gelatin is heated to 45°C. before the viscosity measure- 
ments.  In this heating the  majority  of  submicroscopic particles of 
gel in the solution are completely dissolved but this solution of particles 
is possibly more complete in HI  than in HC1  and more complete in 
sulfosalicylic  acid  than  in  H~SO4.  These  secondary  effects  would 
explain the appearance of slight differences in the action of acids on 
viscosity which are lacking in the case of membrane potentials, osmotic 
pressure, and swelling, where the gelatin is kept at lower temperatures. 
The effect of  acetic  acid on viscosity (Fig.  10)  is  slightly  higher 
than that of HC1.  This was to be expected if  the effect of acid on 
the viscosity of gelatin solution is  due to  the swelling of submicro- 
scopic  particles  of  gelatin  contained  in  the  solution.  The  same 
anomaly was also observed in the effect of acetic acid on swelling. 
Fig.  11  gives  a  comparison  of  the  effect of  succinic,  citric,  and 
tartaric acids with that of HC1  on the viscosity of gelatin solutions. 
The effects differ but slightly for the four acids. 
Summarizing the results of the previously published experiments of 
Loeb and the results of the new experiments, we may say that they 
show that only the valency of the anion of the acid and none of the 
other  properties  of  the  anion  influence  the  membrane  potentials, 
osmotic pressure, swelling, and viscosity of gelatin; and that, moreover, 
this result was to be expected theoretically since the influence of acids 
on the four properties of  gelatin is determined by the Donnan equi- JACQUES LOEB AND  M.  KImlTZ  689 
librium which varies with the valency but not with the other properties 
of the anions of acids. 
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VIII. 
Critical  Remarks. 
The conclusions reached in the older papers on the influence of acids 
on swelling, osmotic pressure, and viscosity are due to the fact that the 
effects of different acids were not  compared  at  the  same pH of the 
protein solution or the gel after equilibrium was reached, but, as a rule, 
for identical quantities of acid added to the water into which the gel was 
put.  The effects of the same acid were therefore not compared at the 
same concentration of ionized gelatin in the protein solution or gel (or 
for the same pH of the gel) but at entirely different  pH of the solution 
or gel.  This led to error,  so that the nature of the anion of an acid 
aside from its valency seemed to have an effect, which was in reality 
the effect of differences in the pH of the gel.  Kulm  9 in a paper pub- 
lished as late as  1921 calculates the H + ion concentration of protein 
9  Kuhn, A., Kolloidckem. Beihefle, 1921-22, xiv, 147. 690  COLLOIDAL  BEHAVIOR  OF  PROTEINS.  I 
gels from Kohlrausch's tables  as if the pH in the presence of gelatin 
were the same as that of acid in water free from gelatin, omitting the 
consideration of the fact, proved by the titration curves, that part of 
the acid combines with  the  gelatin and  that  this  alters  the hydro- 
gen ion  concentration.  He  furthermore overlooks  the fact that  on 
account .of the Donnan equilibrium the pH of the gel is different from 
that of the surrounding aqueous solution.  It is, therefore, necessary 
to measure the pH of the gel and it is wrong to state that the influence 
of different acids on swelling has been compared at the same pH when 
no mention of the Donnan equilibrium has been made and when the 
pH of the gel itself has not been measured.  These and similar errors 
have led certain authors to imagine that they have proved the reality 
of the Hofmeister anion series, while they neglected to measure properly 
the pH of the gel or of the protein solutions. 
And  finally,  Kuhn  did  not  take  the  trouble  to  use  as  standard 
material  isoelectric  protein,  since  this  would  have  required  pH 
measurements.  Patfli  1 arrived at his Hofmeister series for the action 
of acids on the viscosity of solutions of blood albumin by the same 
mistake as Kuhn, plotting the viscosity over the molar concentrations 
of  acid which the  solutions would have had if  no protein had  been 
present.  Lillie's  1° Hofmeister series for osmotic pressure effects was 
based on the same error, and the same is true for all the earlier experi- 
ments on the effect of acids on the physical properties of proteins. 
IX. 
SUMMARY. 
1.  The action of a  number of acids on four properties  of gelatin 
(membrane potentials, osmotic pressure, swelling, and viscosity) was 
studied.  The  acids  used  can  be  divided  into  three  groups;  first, 
monobasic acids (HC1, HBr, HI, HNO3, acetic, propionic, and lactic 
acids);  second,  strong  dibasic  acids  (H~SO4 and  sulfosalicylic acid) 
which dissociate as dibasic acids in the range of pH between 4.7 and 
2.5;  and  third,  weak  dibasic  and  tribasic  acids  (succinic,  tartaric, 
citric)  which dissociate as monobasic acids at pit  3.0  or below and 
dissociate increasingly as dibasic acids,  according to  their strength, 
with pH increasing above 3.0. 
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2.  If  the  influence of  these  acids  on  the  four  above  mentioned 
properties of gelatin is plotted as ordinates over the pH of the gelatin 
solution or gelatin gel as abscissm, it is found that all the acids have 
the same effect where the anion is monovalent; this is  true for the 
seven monobasic acids at all pH and for the weak dibasic and tribasic 
acids at pH below 3.0.  The two strong dibasic acids  (the anion of 
which is divalent in the whole range of pH of these experiments) have 
a  much smaller effect than the acids with monovalent anion.  The 
weak dibasic and tribasic acids act, at pH above 3.0, like acids the 
anion of which is chiefly monovalent but which contain also divalent 
anions increasing with pH and with the strength of the acid. 
3.  These experiments prove that only the valency but not the other 
properties of the anion  of an  acid influences  the four properties of 
gelatin  mentioned,  thus  absolutely  contradicting  the  Hofmeister 
anion series in this case which were due to the failure of the earlier 
experimenters to measure properly the pH of their protein solutions 
or gels and to compare the effects of acids at the same pH of the pro- 
tein solution or protein gel after equilibrium was established. 
4.  It is shown that the validity of the valency rule and the non- 
validity of the Hofmeister anion series for the four properties of pro- 
reins mentioned are consequences of the fact that the influence of acids 
on the membrane potentials, osmotic pressure, swelling, and viscosity 
of gelatin is due to the Donnan equilibrium between protein solutions 
or  gels  and  the  surrounding  aqueous  solution.  This  equilibriuln 
depends only on the valency but not on any other property of the 
anion of an acid. 
5.  That the valency rule is determined by the Donnan equilibrium 
is strikingly illustrated by the ratio of the membrane potentials for 
divalent and monovalent anions o£ acids.  Loeb has shown that the 
Donnan equilibrium demands that this ratio should be 0.66 and the 
actual measurements agree with this postulate of the theory within 
the limits of accuracy of the measurements. 
6.  The valency rule can be expected to hold for only such proper- 
ties of proteins as depend upon the Donnan equilibrium.  Properties 
of proteins not depending on the Donnan equilibrium may be affected 
not only by the valency but also by the chemical nature of the anion 
of an acid. 